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Axions are a promising cold dark matter candidate. Haloscopes, which use the conversion of
axions to photons in the presence of a magnetic field to detect axions, are the basis of microwave
cavity searches such as the Axion Dark Matter eXperiment (ADMX). To search for lighter, low
frequency axions in the sub 2× 10−7 eV (50 MHz) range, a tunable lumped-element LC circuit has
been proposed. For the first time, through ADMX SLIC (Superconducting LC Circuit Investigating
Cold Axions), a resonant LC circuit was used to probe this region of axion mass-coupling space.
The detector used a superconducting LC circuit with piezoelectric driven capacitive tuning. The
axion mass and corresponding frequency range 1.7498 − 1.7519 × 10−7 eV (42.31 – 42.36 MHz),
1.7734−1.7738×10−7 eV (42.88 – 42.89 MHz), and 1.8007−1.8015×10−7 eV (43.54 – 43.56 MHz)
was covered at magnetic fields of 4.5 T, 5.0 T, and 7.0 T respectively. Exclusion results from the
search data, for coupling below 10−12 GeV -1 are presented.
The constituents of the dark matter of our Universe
are yet to be accounted for. Axions are a well-motivated
dark matter candidate as they arise independently from
the Peccei-Quinn solution to the strong CP Problem [1–
3]. If the axion mass is in the 10−6 to 10−5 eV range,
therefore very long-lived and very weakly coupled, then
the cavity haloscope [4, 5] appears currently the best de-
tection method. The scheme is based on the electromag-
netic coupling of axions to two photons:
Laγγ = −ga(x) ~E(x) · ~B(x) (1)
where g is a coupling constant, a is the axion field, ~E
is the electric field, and ~B is the magnetic field. In the
presence of a strong magnetic field, an axion may con-
vert into a real, detectable photon. A tuned resonator
can subsequently enhance detection of the axion-sourced
photon signal. The axion mass is unknown and the de-
tector must be tuned through a range of possible axion
masses. The frequency of the axion sourced photon sig-
nal, ω, is set by the condition ~ω ≈ mac2+ 12mav2, where
ma is the axion mass and v is axion velocity. The KSVZ
[6] and DFSZ [7] models are typically used to set gγ ,
where g = gγ
α
pifa
and fa is the axion decay constant.
Microwave cavity searches, including RBF [8], UF
[9], ADMX [10–14], and HAYSTAC [15] have already
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scanned sections of axion parameter space. To comple-
ment excluded axion mass parameter space, and probe
couplings weaker than past helioscope searches [16], an
LC circuit resonant structure in a lumped element regime
can be used instead of a microwave cavity [17–19], and
was done in the pilot experiment, ADMX SLIC, pre-
sented here. This strategy in resonant structure, essen-
tially a new class of contralto haloscopes, is also being
pursued by ABRACADABRA [20], BEAST [21], and
the Dark Matter Radio Experiment [22]. An optically
pumped magnetometer readout system has also been pro-
posed [23].
If the axion exists, Maxwell’s equations are modified
to become
∇ · ~E = g ~B · ∇a (2)
~∇× ~B − ∂
~E
∂t
= g( ~E × ~∇a− ~B∂a
∂t
). (3)
In the presence of a strong static magnetic field B0, there
is an axion-sourced current
~ja = −g ~B0 ∂a
∂t
. (4)
Thus, there is a detectable oscillating magnetic field
~∇× ~Ba = ~ja (5)
in the quasi-static limit, when the length scale over with
the external field ~B0 extends is much smaller than c/ω.
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2A loop antenna is used to capture the resulting magnetic
flux
Φa = −Vmg ∂a
∂t
B0 (6)
where Vm =
1
4 lr
2 is set by the geometry of the loop
antenna with height l and width r. Using the definition
of inductance it follows that
Ia = −Φa
L1
(7)
in the limit of infinite capacitance. Including the reso-
nant enhancement results in
Ia =
Q
L1
Vmg
∂a
∂t
~B0 (8)
where Q is the quality factor of the circuit. In the case
of the experiment described here, Ia is inductively cou-
pled to the input of a first-stage amplifier. Flux in the
coupling probe from mutual inductance, M , is given by
Φp = MIa = κ
√
L1L2Ia (9)
where L1 is the total inductance of the loop antenna and
environment parasitics; L2 is the coupling probe induc-
tance, giving a signal power of
Pinput = ωκ
2L1I
2
a (10)
where κ is a coupling constant between L1 and L2. The
pilot experiment ADMX SLIC probes a lower-frequency,
lighter-axion mass parameter space that is otherwise dif-
ficult to reach with existing microwave-cavity axion halo-
scope searches. Prototype optimization studies led to a
NbTi loop antenna capacitively tuned by a piezoelectric-
actuated-dielectric deployed at 4.2 K in magnetic fields
of 4.5–7 T.
The loop antenna inductor of the LC circuit used in
our axion search was a single rectangular loop, 7.62 cm
× 31.25 cm, with copper-matrix-free 0.25 mm diame-
ter NbTi wire strung around a polytetrafluoroethylene
(PTFE) frame. A parallel capacitor was made with 5.08
cm × 5.72 cm NbTi plates, supported by PTFE blocks,
and positioned with a 0.464 cm gap between plates.
PTFE screws fastened the form and secured the capaci-
tor plates in place. Angle bracket shapes were used to re-
duce weight and increase stability. A groove in the PTFE
was used to secure most of the NbTi wire; PTFE tape
secured the horizontal runs. The NbTi capacitor plates
were spot welded to the ends of the NbTi loop. Tuning
was achieved by moving an alumina sheet between the
parallel plate capacitor with a rotary piezoelectric motor
(ANR240). The calculated capacitance was 7.86 pF and
5.53 pF with and without the alumina fully inserted re-
spectively. Varactor tuning was previously explored here
[24, 25], but was rejected due to observed high insertion
loss. Based on the loop antenna dimensions, the Ter-
man formula [26] estimates an inductance of 0.968 µH.
Given the measured resonant frequency of 42 MHz with
the capacitor tuned to its highest value, an effective to-
tal inductance, including environment parasitics, of 1.8
µH is found. The loop antenna is directly mounted to
a 3He refrigerator. This placement allows for option of
increased cooling in future runs and gives a representa-
tion of the resonator performance in situ of progressive
cryogenic infrastructure.
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FIG. 1: A sketch of the experiment layout. Two
additional weakly coupled probes, for S21 measurements
and optional amplifier bypass, are not shown.
The magnet used is a Cryomagnetics superconducting
(NbTi) solenoid with a 17.1 cm bore and a length of 40
cm. The central field is rated to 8.6 T at a current of
88 A, providing an average field of 7.5 T in a volume of
about 8 liters. In the course of data operations the vac-
uum can was not completely sealed to allow for cooling
through immersion from 4He. The magnet is supported
from a custom made stainless steel vacuum can. The en-
tire insert is then housed in a super-insulating cryostat
made by Precision Cryogenic System, Inc. An an outline
of the arrangement can be seen in Figure 1. The stainless
steel vacuum can is lined with 0.003” Nb45Ti55 sheet for
shielding of the loop antenna.
A five turn NbTi, PTFE insulated coil was installed
as an inductive coupling of the primary loop antenna
to first-stage amplifier input. NbTi leads of the induc-
tive pickup were also connected to the amplifier input
by crimping in CuNi capillary and soldering with PbSn.
The highest Q obtained, Q > 10, 000, was in this config-
uration.
A low noise cryogenic GaAs FET amplifier [27] is used
as the first-stage amplifier. The output of the first-stage
cryogenic amplifier above the vacuum can lid is connected
via tinned copper braid PTFE insulated coaxial cable to
room temperature [28]. After post amplification, the sig-
nal is fed to a Mini-Circuits ZX05-1-S double balanced
mixer [29] and heterodyned to 10 kHz. An HP 856A is
used as the local oscillator in mixing, controlled by GPIB
3and LabView drivers. The resulting IF is read by an
FFT SR760 Spectrum Analyzer and written to disk. In
between tuning and data taking a Field Fox Microwave
Analyzer N9916A is used to measure S-parameters. A
diagram of the receiver chain is shown in Figure 2. From
FIG. 2: Receiver chain diagram
the Friis equation [30], the noise temperature of the ex-
periment is calculated to be 19.7 K [25]. The background
spectrum analyzer levels corresponded to Johnson volt-
age noise fluctuations at 23 K. The greater of the two
noise temperature figures is used in the reported analy-
sis.
A reduction of Q and frequency shift was found to
track the magnet field ramp, as shown in Figure 3. While
ramping to 4.5 T, the Q was reduced to ∼4,500. At
the highest magnetic fields in data operations, Q’s were
typically 2,200-3,200. Similar in field behavior has been
reported in other superconducting resonators [31, 32].
FIG. 3: S21 measurements of the loop antenna taken
over the course of a magnet ramp. A frequency shift
and Q reduction tracks the increased magnetic field.
Data operations consisted of tuning the LC circuit
through its full range. At each frequency step, signal is
single heterodyne mixed down to 10 kHz and a FFT spec-
trum is then taken and digitized with a Stanford Research
Systems 760 spectrum analyzer (SRS760). An ANR240
rotary piezoelectric motor actuates a mechanical capaci-
tor for the frequency scanning. Between each tuning step
quality factor, resonant frequency, and temperature are
measured and recorded.
The FFT spectra were taken with 12.5 kHz spans and
31.25 Hz wide bins. The SRS760 used takes 400 points
per span and has a real time bandwidth of 100 kHz. Typ-
ically 10,000 averages of 32 ms scans were taken at each
frequency and 1 kHz tuning steps were taken between
bouts of spectra collection. A tuning range of 42.3 - 50.0
MHz was expected but in operations was considerably
smaller, probably from difficulties with the piezoelec-
tric actuator when cold. Intermittently, synthetic signals
were injected, on a weakly coupled probe, and observed
to verify data taking operations. Run 1 collected data at
4.5 T from 6/16/2018–6/19/2018. Run 2 collected data
at 5 T and 7 T from 7/19/2018–7/27/2018.
The signal-to-noise ratio and expected axion sourced
power are used to place limits on the coupling of the axion
to two photons from the measured power spectra. The
signal-to-noise is calculated from the Dicke radiometer
equation [33] using power on the input coil of the first-
stage amplifier,
SNR =
Pinput
kT
√
∆t
∆b
(11)
where k is Boltzman’s constant, ∆t is integration time,
and ∆b is bandwidth. For each raw spectrum 1 kHz
was trimmed off the ends before being co-added to form
a grand spectrum. Background subtraction was done
through a Savitsky-Golay filter. A significant power ex-
cess above average noise power could be indicative of an
axion conversion signal [9] and a candidate. A power ex-
cess above Gaussian background noise can be calculated
from
#σ =
P − P¯
P¯
√
N. (12)
Numerous peaks of power excess were observed in the
raw spectra, which are likely radio frequency interference
(RFI) from external sources, but were not re-scanned as
part of this study. Axion couplings that would produce
signals larger than the observed excesses can be excluded,
as shown in the blue lines of Fig. 4. Future large scale ex-
periments will be able to implement more shielding and
re-scan excesses to distinguish axion signals from RFI;
for the purposes of understanding scaling of these experi-
ments, the estimated limits that could have been achieved
were RFI candidates eliminated are shown in orange. It is
interesting to note that even limited by RFI, unexplored
axion-like-particle dark matter parameter space can be
excluded.
4(a) Limit plot from all combined data runs
(b) Run 1 with a 4.5 T magnetic field (c) Run 2.a with a 5.0 T magnetic field
(d) Run 2.b with a 7.0 T magnetic field
FIG. 4: Individual and combined limits collected by ADMX SLIC
5Figure 4 shows the axion-photon coupling exclusions
achieved in the experiment. Panels 4b, 4c, and 4d show
the individual runs while panel 4a shows the regions com-
bined. The previous best limits set by CAST are also
shown. The limits presented rule out axions with cou-
plings greater than the limit-line.
An LC circuit based axion search presents a promis-
ing approach to scan unexplored regions of low-frequency
axion parameter space. Extensive prototype testing cul-
minated in a piezoelectric-actuated dielectric-tuned NbTi
superconducting LC circuit. The operation of this new
form of axion detector tested design considerations for
future implementations including the measurements of
AC electrical losses in superconducting circuits in a large
magnetic field. Our pilot experiment operated in 4.2 K
and magnetic fields of 4.5–7 T. The axion mass range
of 1.7498 − 1.7519 × 10−7 eV (42.31 – 42.36 MHz),
1.7734 − 1.7738 × 10−7 eV (42.88 – 42.89 MHz), and
1.8007 − 1.8015 × 10−7 eV (43.54 – 43.56 MHz) was
searched. A large amount of external RF noise was found
in the data. Despite an external RFI noise limited anal-
ysis a new section of axion mass and coupling was ex-
cluded.
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